Summary. Two networks of four ocean-bottom seismographs were deployed successfully in 1982 September on spreading centre sites in the region of the Charlie-Gibbs fracture zone. Activity was observed beneath both networks and hypocentres for over 100 events have been determined. The observations confirm the existence of seismic activity along a suspected short spreading centre near longitude 3 1.75"W linking the north and south transform valleys of the fracture zone. A relatively thick (7-9 km) seismogenic zone is seen beneath the axis which is in agreement with earlier microearthquake observations on the Mid-Atlantic Ridge.
Introduction
During 1982 September two networks of ocean-bottom seismographs (OBS) were deployed from RRS Discovep on to the Charlie-Gibbs fracture zone to record microearthquakes. The Charlie-Gibbs fracture zone offsets the Mid-Atlantic Ridge left laterally by 340 km between latitudes 52" and 54"N. Observations using long-range sidescan sonar, echo sounder, gravity, magnetics, seismic profiling, as well as data from earlier workers has enabled Searle (198 1) to describe and interpret the morphology of this feature in considerable detail. It is therefore an ideal region in which to make microearthquake observations. The Charlie-Gibbs fracture zone Searle (1981) has given a detailed description of this fracture zone and comes to several general conclusions. The zone has two active transforms connected by a suspected short (N-S) spreading centre, as suggested by Vogt & Avery (1974) . An approximately east to west ridge separating the transforms and their extensions appears to consist of normal ocean floor produced at the short spreading centre with its axis near longitude 31.75"W. Observed fault scarps within the transform valleys parallel the spreading direction but become oblique near junctions with spreading axes. Along a zone of up to 50 km away from its junction with the western end of the northern transform, the Mid-Atlantic Ridge (MAR) is spreading obliquely (Atwater & Macdonald 1977; Lonsdale & Shor 1979) . At the eastern end of the southern transform, however, the MAR is nearly orthogonal to the spreading direction.
Possible deployment sites for OBS microearthquake studies thus include the north and south transform valleys, or spreading axis sites in the east, west or centre of the region.
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Known seismicity of the fracture zone
To aid the choice and exact location of the OBS networks, epicentres of earthquakes near or on the Charlie-Gibbs FZ, detected by land stations during the period 1964-81 were relocated. P-wave arrival time data for these 'teleseismic' events, collected from the Bulletins of the International Seismological Centre and Earthquake Data Reports of the US Geological Survey, were used to perform the relocations using the method of Joint Epicentre Determination (JED; Douglas 1967) . To ensure that errors in the Jeffreys-Bullen travel times used could be grouped into single terms for all ray-paths to each station, as required by the method, earthquakes were processed in four spatial groups. These were: (1) earthquakes on the MAR at the western end of the northern transform; (2) earthquakes on the MAR at the eastern end of the southern transform; (3) earthquakes clustered near the central short spreading centre; (4) a few earthquakes suspected to be on the north transform.
When JED is applied to groups of small spatial extent, the overall position of each group is usually stabilized by constraining the epicentre of one master earthquake (usually the best recorded) to a predetermined value. Hence, the overall group location will have errors arising from any mislocation of the master. This mislocation can result from reading errors and the use of an incorrect travel-time model. An effort was made to minimize these group mislocations since it is important to locate small OBS networks accurately over the suspected activity (Lilwall & Francis 1975; Duschenes, Lilwall & Francis 1983) . To reduce the effect of statistical variation, several masters were chosen in each group and were relocated along with other group members but with their mean latitude and longitude constrained. TO reduce systematic errors, the initial master locations were fixed using only data from the distance range A = 30-95" and applying the travel-time curve and station corrections determined by Dziewonski & Anderson ( 1983) which are the most comprehensive available at present. This still leaves the possibility of errors introduced by travel-time anomalies near the sources but the results suggest these are small. Fig. 1 shows the relocations plotted on a simplified bathymetry, after Searle (198 1) . The epicentres define the salient tectonic regions. The western junction of the fracture zone with the MAR is defined by greater activity on the ridge crest and the epicentres do not conflict with an intersection point near longitude 34.75"W (Lonsdale & Shor 1979; Searle 1981) . Earthquakes near the suspected central spreading centre are resolved into a N-S grouping at 3 1.75"W and a cluster on the northern transform west of the intersection. The strike-slip nature of one of the latter is confirmed by a published fault plane solution. NO events are relocated over the central section of the southern transform. The eastern junction with the MAR is well-defined by a group centred at 30.10"W some 10km to the west of the apparent bathymetric expression of the median valley. The published focal mechanism of one of this cluster shown in Fig. 1 clearly shows the influence of the changeover from horizontal tension to shear expected in this region.
In terms of earthquake numbers, the two transforms appear to be relatively inactive compared with the adjacent ridge crests. Except near the ridge intersections, no activity has been located on the southern transform since instrumental recordings began (Kanamori & Stewart 1976) . The region therefore appears to have been inactive for at least 60 years and thus represents a significant seismic gap. Large earthquakes have been located on the northern transform, however, and are relatively more frequent than on the ridge crests. This . Large symbols (circles and squares) are events having 95 per cent confidence area less than a circle of radius 10 km. The confidence limit on latitude is typically 2-6 times that on longitude. Focal mechanisms are after Einarsson (1979) , simplified bathymetry after Searle (1981) . Numbers 1 and 2 indicate the location of the OBS networks.
is indicated in a quantitative way by the traditional method of finding the slope o r b value of lines fitted to plots of magnitude against the log of the cumulative number of events greater than or equal to that magnitude. For the earthquakes in Fig. 1 and using only earthquakes with short-period body wave magnitude (mb) greater than 4.5 (the 90 per cent cumulative detection thresholc? for the region, Lilwall i982) the b values for the ridge and transform earthquakes are 1.78 and 0.93 respectively using the mb scale, which compares remarkably well with 1.72 and 0.99 found by Francis (1968) for a much larger suite of MAR data. The low b value for the northern transform is thus typical of MAR data and is indicative of a relatively high number of large magnitudes.
Microearthquake observations
The low activity observed along the two transforms and the tendency for the activity t o be in terms of less frequent large earthquakes, dictated against making short duration microearthquake surveys with OBS on such features. In addition, the floor and south wall of the northern transform are covered with a large and variable layer of sediments (up t o 0.6s P-wave one-way time) believed to have been deposited by Norwegian sea overflow water (Searle 198 1) . These sediments make accurate hypocentral locations impossible without a detailed knowledge of both the P-and S-wave velocity structure beneath the OBS. Deployments were therefore made on spreading centre sites, the first on the MAR near the eastern end of the southern transform (network 1) and a second on the suspected short central section (network 2). The active section of the MAR to the west was ruled out by the cruise schedule.
Geographical coordinates, water depths and recording periods for the two OBS networks are given in Table 1. The OBS, described fully by Kirk, Whitmarsh & Langford (1982) give (Table 1 ). All deployments were made at the time of satellite fixes. Relative seabed locations, accurate to about 0.25 km, were obtained using water wave arrivals from airgun surveys made around each network. All arrival times were corrected for the drift of the internal clocks which were calibrated to 0.01 s against radio time checks immediately before and after OBS deployments. Drift rates were all less than 0.25 s day-'. Linear drifts, as indicated by laboratory observations, were assumed. Microearthquakes were identified using audio-monitoring of the tapes played back at 32 times recording speed. Approximately 200 and 150 microearthquakes were detected respectively for the two networks but the numbers detected at two or more instruments were much less (see Table 1 ). In the final analysis, only 41 and 61 microearthquakes were locatable for the two networks.
Arrival times at the OBS for both P-and S-waves were read off paper playouts of the recordings. Noise caused by mechanical coupling of the analogue tape deck limited the dynamic range available and in addition it was necessary to narrow band filter the outputs (typically 5-10Hz bandpass). Fig. 2 shows the seismograms observed by all four OBS for a micrearthquake located by network 2. P arrival time picks accurate to 2 0.05 s are possible for the three nearest OBS (6, 4 and 2 ) . The P-wave at the more distant OBS 5 is identified but cannot be timed with the same accuracy ( k 0 . 1~) . S-wave arrivals can only be seen for OBS 5 and on the Z component of OBS 4 (which was operating at low gain and did not saturate). S-waves were frequently observed at the other instruments but for this event are not seen in the P-wave coda because of saturation resulting from the dynamic range limitation mentioned above. Correct identification of S-wave arrivals is difficult even when all three components are available (e.g. Trehu & Solomon 1983) and therefore the S arrival times were nearly all assigned likely errors of 0.2 s or greater when used in the hypocentre location. The scatter of the A S readings in the A S -A P plots in Fig. 3 described below also confirms that the assigned S-wave errors are realistic.
The hypocentre location algorithm followed the classical approach of least squares minimization of the arrival time residuals using the method of successive approximation Figure 2. Seismograms for the event at 01 hr 05 min day 244 recorded by network 2. Epicentral distances from OBS 6, 4, 2 and 5 are 11, 14, 15 and 20km respectively. X, Y, 2 and H refer to horizontals, vertical and Hydrophone respectively. Numbers after traces denote relative gains used in playouts. P and S refer to the phases used to locate the event and the length of the horizontal line above the picks is the estimated timing accuracy (2 X standard deviation) used to weight the data. Time marks every second.
(depth was not treated as a free variable, instead epicentres were located at trial depths from 0 to 15 km at 1 km intervals). Inclusion of weighting is important where the data are of mixed quality (e.g. Duschenes et al. 1983 ) and fixed a priori weights were used based on the estimated error each pick. Typically, P readings were weighted four times the S readings.
Both P-and S-wave velocity structures are required to locate the hypocentres. Preliminary locations indicated that with few exceptions activity was restricted to within the crestal mountains of both median valleys and at ranges less than 3 0 k m from the OBS. In the absence of any more recent published work to the contrary, a layered P-wave velocity structure based on that used in two previous OBS surveys on slow-spreading ridges was employed . This structure has two gradients with P-wave velocity rising steeply from 2.4 to 6.6 km s-l in the top 2.2km, followed by a lesser gradient at greater depths. The lesser gradient was terminated at 10.5 km 201 by a 7.6km s-l half-space corresponding to the subcrustal velocity found for the MAR crest by Fowler (1976) . In terms of travel times, at ranges up to 30km, it is very similar to the median valley structure of Fowler (1976) and the use of the latter does not significantly change the locations. Shear-wave velocities V, were derived from the P-wave values Vp using a fixed ratio Vp/V, of 1.?7. Estimates of this ratio of 1.78 f 0.07 and 1.85 2 0.1 1 were obtained for the two networks by the method used by Francis, Porter & McCrath (1977) of plotting the time differences A P against A S for these phases recorded by OBS pairs. The data, and straight lines fitted assuming errors in both A P and A S values (York 1966) the Orozco Fracture Zone offsetting the East Pacific Rise, lateral heterogeneity is suspected and Trehu & Solomon (1983) found ratios ranging from 1.05 to 1.85 for different data subsets but used a value of 1.75 for location purposes. Most of the variation in these ratios can be explained in terms of statistical variation in the estimates, as seen from the relatively large confidence limits on the two values estimated in this paper. These large errors result from the scatter in the A S against A P points resulting either from poor signal to noise or more likely from misidentification of the correct S onsets. The latter may also result in systematic variation without associated scatter. Real variation may also be present, however, resulting from the degree of cracking beneath the ridge crest (Francis 1976 ) and where they are aligned, from the effects of anisotropy (Crampin 1978) . The raypaths of arrivals which make up the AS/AP ratios described here are extremely variable and obscure interpretation in terms of anisotropy. The use of polarization diagrams to detect shear-wave splitting, which is diagnostic of anisotropy (Crampin et aZ. 1980) was not attempted because of doubts about the response to near horizontal motion found by Sutton et aZ. (1980) of OBS which have a relatively high centre of mass and narrow base. A fixed ratio V,/V, of 1.77 was chosen as it is within the confidence limits of the measured ratios in Fig. 3 and enables direct comparison to be made of the results of other successful OBS microearthquake surveys on the MAR . Finally, corrections to both P-and S-waves were applied to the data to take account of differences in the topographic height of each OBS. This was done by reducing the arrival times to a fixed datum just below the deepest OBS assuming near vertical raypaths and using an assumed P-wave velocity of 5.9 km s-l, the average velocity in the top 8 km. This is the method adopted by Trehu & Solomon (1983) and is a compromise between assuming layering which is horizontal and that which tends to follow the topography as seen by Fowler (1976) . The overall range of the corrections for theP-waves is 0.01-0.13 s for network 1 and 0.01-0.07 s for network 2. Hypocentral locations together with the standard errors are given in Tables 2 and 3 . Nonlinearity in the location procedure means that confidence limits based on the inverted least Tables 2 and 3 were derived using simulation studies. For each hypocentre and associated set of station readings, 'error-free' arrival times were generated using the assumed velocity structure. Normally distributed errors were added to these simulated data with standard deviations equal t o those estimated for each actual arrival time pick. For each earthquake 50 sets of simulated data were generated and the hypocentres located using exactly the same method as with the real data. Standard errors in latitude, longitude and depth were estimated from the bounds encompassing at least 68 per cent of the simulated locations. For latitude and longitude it was possible to assigned symmetrical limits but the distributions of depths were frequently asymmetrical and bimodal in some cases. The problem of double solutions for depth has been noted previously (Duschenes et al. 1983 ). All events which might come into this category, as indicated by the simulations or from strong double minima in plots of residual versus depth are marked with an asterisk in Tables 2 and 3, the microearthquake in Fig. 2 is such an example. Since we are interested in the distribution of hypocentres covering a range of depths from 0 to approximately 10 km those microearthquakes with standard errors on any focal coordinate greater than 3 km, together with those with ambiguous depths, have been designated as poorly located and given less emphasis in the diagrams. For the eastern network 1, the OBS were deployed with two instruments on the presumed western wall of the median valley because of the apparent concentration of the teleseismic earthquakes in Fig. 1 . Fig. 4 , a plot of the microearthquake epicentres, shows that the decision was correct as the network was centrally placed over the activity which is displaced to the west of the most obvious line of the median valley axis suggested by the bathymetry. Although the number of locatable microearthquakes was small, there is no suggestion of the complex situation found for the eastern end of St Paul's Fracture Zone by Francis et al. (1978) . This perhaps reflects the almost exact orthogonality of the junction. The depth distribution of the microearthquakes is illustrated in Fig. 5 (top) and also in Fig. 6 where they are projected on to the line A-B (Fig. 4) . Depths range from a peak at 2 km down to 8 km and, allowing for errors, suggests that earthquake activity beneath the ridge axis occurs down to 7 km below the seabed. Microearthquake locations found using network 2 on the suspected central spreading centre are shown in Fig. 7 . The existence of a seismically active zone connecting the north and south transforms is established by these results. Activity can be divided into a restricted group with most of the deeper microearthquakes beneath the array and a broader group of predominantly shallower activity to the NE. The latter appear to have an approximately NNW-SSE trend. Latitudes and longitudes of the 28 well-located (errors less than or equal to 3 km) microearthquakes in this group have a correlation coefficient of 0.37 which is significant at the 95 per cent level, and hence the trend is probably real. Fig. 5 (bottom) shows the depth distribution with activity again concentrated at shallow depths and as deep as 13 km although, allowing for errors, 9 km is a reasonable maximum. Fig. 8 shows the microearthquakes projected on to a vertical plane line AB in Fig. 7 . It is clear that there is a gradation from shallow activity under the crestal mountains in the east to the whole range of depths beneath the valley floor.
Discussion
The distributions of both teleseismic earthquakes and microearthquakes accurately locate the eastern intersection of the MAR with the southern transform. They also confirm the location of a seismically active zone at the suspected spreading centre near longitude 3 1.75W. Microearthquake observations also reflect the simple orthogonality of the eastern junction but suggested an oblique trend for the central section.
The oblique trend may result from the perturbation caused to the simple, approximately E-W horizontal tension expected for the spreading centre by the region of horizontal shear associated with the transform. Oblique faulting is clearly observed on sidescan sonar records described by Searle (198 1) although these faults do not stretch as far across the region as suggested by the microearthquakes. One explanation is that the whole region is at present subject to large horizontal strain evidenced by the absence of large events on.the southern transform and that the microearthquake distribution is the response to this. The bias of activity to the eastern median valley wall at the central short spreading centre and to the western wall near the junction in the east may also result from a build up of strain along the southern transform. The trend may, however, be the result of systematic errors arising from the assumption of a laterally homogeneous and isotropic velocity structure in the location method. Both anisotropy and lateral heterogeneity may give rise to systematic errors in hypocentres not reflected in the confidence limits.
Anisotropy can result from the presence of aligned cracks and result in systematic mislocation. Doyle, McGonigle & Crampin (1982) have shown, however, that this is only serious in the presence of dry cracks which seems unlikely beneath the seabed. Dry cracks could arise, however, during the period of dilatancy caused by the build up of stress on the transform. The tension direction in such a region would be in the NE quadrant (with cracks opening aligned orthogonally to this) and Doyle et al. (1982) have shown that the location errors would tend to be towards t h s direction and not away as observed.
Lateral heterogeneity in seismic velocities has been noted by Trehu & Solomon (1983) for the Orozco Fracture Zone on the East Pacific Rise. They have demonstrated that hypocentre mislocations can be serious where raypaths to the OBS pass near or through a zone of marked heterogeneity such as that resulting from the presence of a molten body. Elsewhere in the same region, however, moderate heterogeneity results in location errors which are believed to be small (c. 0.5 km). Unlike the fast spreading East Pacific Rise there is no direct evidence for a high level molten zone on slow spreading ridges such as beneath the OBS networks described here, and hence we have assumed such a zone to be absent. Furthermore the strong S-wave arrivals seen at all the instruments, together with the gradient and near zero intercept of the AS-AP plots in Fig. 3 strongly supports this assumption.
The depths of microearthquakes described in this paper together with their confidence bounds, confirm earlier results from slow-spreading ridges that the rocks beneath the ridge axis are essentially brittle down to 7-9 km below the seabed. This interpretation assumes that the microearthquakes observed in the OBS surveys are the result of a brittle fracture mechanism such as the movement of tension or shear cracks. The observation of strong S-wave arrivals and in some cases the determination of focal mechanisms (e.g. Lilwall 1980; Trehu & Solomon 1983) supports the brittle fracture assumption rather than a purely magmatic origin for the sources. This does not rule out the possibility, however, that the activity results from stress readjustment resulting from magma movement within the crust (e.g. Hill 1977) but a large-scale ductile or molten zone appears to be absent beneath slow-spreading ridge crusts at depths comparable to the thickness of the oceanic crust. Models to account for the formation of oceanic crust must then take the form suggested by Nisbet & Fowler (1978) , i.e. ascending melt collects under the brittle zone and intrudes as small packets which propagate upwards. The greater depth of the events beneath the short central spreading centre, compared with those beneath the eastern section of the MAR (9km compared with 7km) probably results from the relatively isolated location of the former with cool old lithosphere to the north and south.
The width and depth of the seismogenic zone requires interpretation in terms of our knowledge of surface faulting observed on slow spreading ridges. Laughton & Searle ( 1 979) have summarized deep-ocean sonar data on fault scarps in a number of locations near the MAR. Fault spacing is typically 2.0-2.5 km with the initiation of faults occurring 2-4 km off axis. Moderate (c. 45") mean dips at the seabed have been measured using similar data (Searle & Laughton 1977 , 1981 ) from deep-tow surveys (Macdonald & Luyendyk 1977) and can be inferred from focal mechanisms of ridge crest earthquakes showing normal faulting (e.g. Einarsson 1979) . Any model of faulting must take account of the observed fault spacing and dips together with the evidence from microearthquakes about the depth and lateral extent of the active zone. Laughton & Searle (1979) have described a model in which the lithospheric plate is created at a relatively uniform rate with episodic faulting and uplifting occurring a short distance off axis. The uplifting results from vertical shear caused by gravity and viscous forces resulting from rising material in the mantle conduit (e.g. Lachenbruch 1976 ). Faulting is modelled in terms of near vertical dips penetrating a relatively thin passive brittle zone. In reality, the situation is more complicated since a relatively thick brittle zone in combination with closely-spaced faults of moderate dip results in two or even three nested faults being present in any depth section. Assuming a constant (45") dip, only faults 7-9 km off axis will traverse the entire brittle zone before crossing the axis and this distance will be greater if the faults have shallow dips at depths, as required by Lilwall (1980) to model the waveforms to 8 km deep microearthquake seen on the MAR near 45"N. Movement along the inner faults 3-8 km off-axis must occur entirely within the brittle zone unless they cross the axis at depth, a possibility not supported by location of the deeper microearthquakes which appear centrally placed beneath the median valley. The microearthquake observations seem to favour arguments put forward by Tapponier & Francheteau (1978) that the finite strength of the brittle zone is an important influence on the form and morphology of the median valley. In their model this strength, in the presence of horizontal tension, results in a thinning of the brittle zone to form a nested graben structure. Effective uplift of the crestal mountains is the consequence of a regional isostatic response to the mass deficiency of the thinned crust.
